The molecular phylogeny of the vertebrate insulin receptor (IR) family was reconstructed under maximum likelihood (ML) to establish homologous relationships among its members. A sister group relationship between the orphan insulin-related receptor (IRR) and the insulin-like growth factor 1 receptor (IGF1R) to the exclusion of the IR obtained maximal bootstrap support. Although both IR and IGF1R were identified in all vertebrates, IRR could not be found in any teleost fish. The ancestral character states at each position of the receptor molecule were inferred for IR, IRR þ IGF1R, and all 3 paralogous groups based on the recovered phylogeny using ML in order to determine those residues that could be important for the specific function of IR. For 18 residues, ancestral character state of IR was significantly distinct (probability .0.95) with respect to the corresponding inferred ancestral character states both of IRR þ IGF1R and of all 3 vertebrate paralogs. Most of these IR distinct (shared derived) residues were located on the extracellular portion of the receptor (because this portion is larger and the rate of generation of IR shared derived sites is uniform along the receptor), suggesting that functional diversification during the evolutionary history of the family was largely generated modifying ligand affinity rather than signal transduction at the tyrosine kinase domain. In addition, 2 residues at positions 436 and 1095 of the human IR sequence were identified as radical cluster-specific sites in IRR þ IGF1R. Both Ir and Irr have an extra exon (namely exon 11) with respect to Igf1r. We used the molecular phylogeny to infer the evolution of this additional exon. The Irr exon 11 can be traced back to amphibians, whereas we show that presence and alternative splicing of Ir exon 11 seems to be restricted exclusively to mammals. The highly divergent sequence of both exons and the reconstructed phylogeny of the vertebrate IR family strongly indicate that both exons were acquired independently by each paralog.
Introduction
Insulin and insulin-like growth factors (IGFs) constitute a fundamental family of hormone polypeptides common to all metazoans. These hormones control essential functions including cell growth, metabolism, reproduction, and longevity (Kimura et al. 1997; Efstratiadis 1998; Tissenbaum and Ruvkun 1998; Brogiolo et al. 2001; Nakae et al. 2001; Saltiel and Kahn 2001; Holzenberger et al. 2003; Nef et al. 2003) . Dysfunction of these factors in humans is associated to several pathological disorders such as diabetes, dwarfism, and cancer. In invertebrates, insulin and IGF have a general function as mitogenic growth factors (Chan and Steiner 2000) . In postnatal vertebrates, the cell proliferation function has been restricted to IGF1 and IGF2, whereas insulin has become a metabolic regulatory hormone mainly controlling homeostasis of different metabolites (most prominently glucose) (Chan and Steiner 2000) . However, during embryonic development, insulin action and regulation in vertebrates appear to be reminiscent of those found in invertebrates (Hernandez-Sanchez et al. 2006) . Physiological functions of the insulin and IGF polypeptides require specific surface cell receptors, and subtle differences in the structure and function of the receptors can account for important variations in the biological activity of the hormones across metazoans.
Although in invertebrates there are several insulin-like peptides, only 1 insulin receptor (IR) protein has been described (Fernandez et al. 1995; Pashmforoush et al. 1996; Kimura et al. 1997; Ruvkun and Hobert 1998) . However, in vertebrates, 3 distinct receptors that can bind with highaffinity insulin and the IGF were described based on differences in primary structure and function: the IR (Ebina et al. 1985; Ullrich et al. 1985) , the type 1 IGF receptor (IGF1R) (Ullrich et al. 1986) , and the type 2 IGF receptor (IGF2R) (Morgan et al. 1987) . Of these, the IGF2R is in fact the mannose-6-phosphate receptor that, only in mammals, has acquired a binding domain for IGF2, and it is not a signaling receptor (Morgan et al. 1987) . In addition, an orphan receptor (with an unknown ligand) termed the insulin receptor-related receptor (IRR) was also described as a member of the IR family based on sequence similarity (Shier and Watt 1989) . The IR, IGF1R, and IRR present a rather conserved protein structure (see known domains in fig. 1 ) (Ullrich et al. 1986; De Meyts 2004) and belong to the larger tyrosine kinase receptor superfamily (Hubbard and Till 2000) . Unlike other members of this superfamily, the above-mentioned 3 receptors form dimeric (a2/b2) structures in the cell membrane, which can be either homodimers, composed by 2 identical a/b momomers, or heterodimers formed by 2 different a/b monomers (e.g., IRab/IGF1Rab) (Moxham et al. 1989; Soos and Siddle 1989; Schlessinger 2000; Fernandez et al. 2001) . Ligand binding to IR and IGF1R triggers a conformational change that enables autophosphorylation of the receptor cytoplasmic tyrosine residues and initiates a cascade of intracellular signaling events that engender diverse biological responses (metabolism, cell proliferation, cell differentiation, survival, and growth), depending on the cell type and the developmental and functional stage. IR and IGF1R have different but overlapping physiological functions (reviewed in Nakae et al. [2001] ). The evolutionary and molecular mechanism through which the functional specialization of each receptor was achieved remains an open question. Thus far, the exact mechanism through which the orphan IRR is activated and its function are unknown.
The genes encoding IR, IGF1R, and IRR share similar genomic organization. Both the a and b chains are synthesized from a unique mRNA, which is comprised by 22 exons in IR and IRR and by 21 exons in IGF1R (Rosenfeld and Roberts 1999) . In both, Ir and Irr, the extra exon with respect to Igf1r is exon 11. Strikingly, exon 11 is constitutive in Irr whereas each of the human and murine Ir exon 11 is alternatively spliced, which results in 2 protein isoforms (IRA and IRB) that differ by the absence or presence of 12 amino acids at the C-terminus of the a subunit, respectively (Ebina et al. 1985; Ullrich et al. 1985; ). Both IR isoforms display differences in ligand affinity binding, kinase activity, receptor internalization, and recycling as well as intracellular signaling capacity and tissue distribution (Mosthaf et al. 1990; McClain 1991; Vogt et al. 1991; Yamaguchi et al. 1991; Kellerer et al. 1992; Leibiger et al. 2001) .
In the present study, we reconstructed the molecular phylogeny of the vertebrate IR family in order to establish homologous relationships among its members. We also identified evolutionarily conserved and functionally divergent amino acid residues in the 3 vertebrate receptors, as well as shared derived residues of IR in order to gain insights on the evolutionary mechanisms underlying the functional diversification of the family and to identify those residues that may be responsible for the specific function of IR. In addition, we traced the presence of the alternatively spliced Ir exon 11 in the recovered phylogeny in order to characterize the evolution of this extra exon, and found that it is a novel acquisition of mammals.
Materials and Methods Animals
Fertilized White Leghorn (Gallus gallus) eggs (Granja Rodríguez-Serrano, Salamanca, Spain) were incubated at 38.4°C and 60-90% relative humidity for the time periods indicated, and the embryos were staged according to (Hamburger and Hamilton 1951) . The 10-day posthatching chickens (P) were from Avícola Grau (Madrid, Spain). Frogs (Xenopus laevis) were kindly supplied by Dr MJ Delgado (Universidad Complutense de Madrid). The 10-day and 35-day postnatal mice (C57BL/6) (Mus musculus) were from Centro de Investigaciones Biológicas stabularium. All animals were handled according to European Union Guidelines for animal research.
RNA Isolation and Reverse Transcriptase-Polymerase Chain Reaction
Total RNA from tissues was isolated using Trizol reagent (Invitrogen, Carlsbad, CA). The reverse transcriptase reaction was typically performed with 5 lg RNA, the Superscript III Kit, and oligo-dT primer (all from Invitrogen), followed by amplification with the Expand High fidelity Polymerase (Roche Diagnostics, Mannheim, Germany). The mouse Ir was amplified using the sense primer 5#-GGCCAGTGAGTGCTGCTCATGC-3# (mP1) and the antisense primer 5#-TGTGGTGGCTGTCACATTCC-3# (mP2). The chicken Ir was amplified using the sense primer 5#-CAGAAGGAGCTGGAGGAGTC-3# (cP1) and the antisense primer 5#-TCTGCTCCTCTGCACTCTC-3# (cP2) for the first polymerase chain reaction (PCR) and cP1 sense primer and the antisense (cP4) 5#-GGAGCCCAGGT-CTCTTCTCT-3# for the nested PCR. The Xenopus Ir was amplified using the sense primer 5#-ACCTTCATCC-AAGTGCTGTC-3# (xP1) and the antisense primer 5#-CA-GAGTTCCATTGGCTACTC-3# (xP2) for the first PCR and the sense 5#-GCCTTCCAGAACTTGGACTC-3# (xP3) and the antisense 5#-TGGCTCTGTTTCATCCGG-AG-3# (xP4) for the nested PCR.
Sequences
Molecular databases at the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov) were screened for vertebrate IRs using the Blast search program (Altschul et al. 1997 ) and the human IR (NP_000199.2) as query. In addition, some additional vertebrate IRs were directly retrieved through searches in EN-SEBML (http://www.ensembl.org/index.html).
Phylogenetic Analysis
A total of 39 complete or almost complete IR family proteins were included in the phylogenetic analyses. Sequences were aligned using MUSCLE version 3.633 (Edgar 2004) . Multiple alignments were subsequently refined by eye and compared with IR alignments at the Receptors for Insulin and Insulin-like molecules (RILM) database (http://www.biochem.ucl.ac.uk/RILM; Garza-Garcia et al. 2007) . Ambiguous alignments in highly variable (gap-rich) regions were excluded from phylogenetic analyses (aligned sequences and the exclusion sets are available from the authors upon request). We used PROTTEST version 1.2.6 (Abascal et al. 2005) to select the substitution model that best fit the empirical data set (JTT þ I þ C; a 5 0.86, I 5 0.09) and PHYML version 2.4.4 (Guindon and Gascuel 2003) to find the maximum likelihood (ML) tree. The robustness of the inferred tree was assessed using bootstrapping (500 pseudoreplicates) as implemented in PHYML.
The recovered ML tree was used as framework to identify those protein residues that are shared derived by IR orthologs. In a first round of analysis, each of the protein residues was mapped onto the phylogeny, and the ancestral character states and shared derived amino acid residues were inferred with parsimony using PAUP* version 4.0b10 (Swofford 2002) and MacClade v4.0 (Maddison WP and Maddison DR 1992) and taking into account only those shared derived characters that had a consistency index (CI) (as a measure of the fit of each character to the tree) above 0.5. In a second round of analysis, the likelihood of the ancestral character state of the identified potential shared derived amino acids of IR was estimated using BayesTraits version 1.0 (Pagel et al. 2004 ). Finally, the posterior probability for functional cluster-specific (type II; Gu 2006) residues was estimated for IR versus IRR þ IGF1R using Diverge 2.0 (Gu 2006) . No attempt of testing for positive selection events based on branch-site likelihood ratio tests (Yang and Nielsen 2002) was made because of the relatively high nucleotide sequence divergences found among vertebrate IRs and the existence of saturation of silent mutations at third codon positions (data not shown).
Results

Phylogeny of Vertebrate IRs
The phylogeny of the vertebrate IR family was reconstructed in order to establish homologous relationships among its members. Phylogenetic analyses were based on an amino acid sequence data alignment including 1,596 positions, of which 335 highly variable positions were excluded due to ambiguity in positional homology assignment. A total of 250 positions were invariant, and 813 characters were parsimony informative. The alignment was used to map sequence divergence along the receptor molecule. Although invariant sites were found throughout the IR sequence ( fig. 1 ), they were particularly abundant around positions 90-110 and 1000-1250 (human IR sequence; fig. 2 ). In contrast, positions around 650-810, 890-990, and at the carboxy end (above position 1310) were relatively variable and showed few invariant positions. The ML analysis of the molecular data set using the IRs of 2 basal chordates, Ciona intestinalis and Branchiostoma lanceolatum, as outgroup sequences recovered the phylogenetic tree (ÀlogL 5 32422.12) shown in figure 3. According to the reconstructed tree, vertebrate IRs could be grouped with maximal bootstrap support into 3 distinct paralogous groups, which correspond to IR, IRR, and IGF1R, respectively. A sister group relationship between IRR and IGF1R to the exclusion of IR obtained maximal bootstrap support. As expected, the phylogeny of vertebrates (teleost fish, (amphibians, (birds, mammals))) was recovered within each paralog. However, although both IR and IGF1R were found in all vertebrates, IRR could not be identified in any teleost fish. Mean (±standard deviation [SD]) amino acid sequence divergences between both outgroups and the 3 vertebrate paralogs, IR, IRR, and IGF1R, were 0.54 ± 0.06, 0.57 ± 0.04, and 0.54 ± 0.05, respectively. Mean (±SD) amino acid sequence divergences within IR, IRR, and IGF1R were 0.15 ± 0.01, 0.21 ± 0.01, and 0.20 ± 0.01, respectively. Mean (±SD) amino acid sequence divergences across placentals for IR, IRR, and IGF1R were 0.07 ± 0.05, 0.12 ± 0.03, and 0.04 ± 0.03, respectively.
Ancestral Character State Reconstruction, Shared Derived Characters of IR, and Cluster-Specific Functionally Divergent Sites Ancestral character state reconstruction analyses were used 1) to identify those residues that being shared derived of IR could be responsible for its specific function as well as
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2) to determine their distribution along the receptor molecule. In a preliminary filtering analysis, a total of 41 amino acid residues were identified as potential shared derived characters of IR under the parsimony criterion (CI .0.50) (data not shown). The putative character states of the 41 residues in the common ancestor of IR, IRR þ IGF1R, and all 3 vertebrate paralogs were estimated under the likelihood criterion, respectively (table 1). For 18 residues, the inferred ancestral character state of the IR paralog was significantly distinct (probability .0.95) with respect to the corresponding inferred ancestral character states both of IRR þ IGF1R and of all 3 vertebrate paralogs (table 1). These IR distinct (shared derived) residues were distributed rather evenly along the IR molecule (figs. 1 and 2). Moreover, 14 out of the 18 residues mapped on the extracellular portion of the receptor, whereas the remaining 4 residues were located on the intracellular region (figs. 1 and 2). Given the relative proportions of the extracellular (70%) and intracellular (29%) portions of the receptor, an expected random distribution of the shared derived residues would have been 12 and 6, respectively. The difference between the observed and expected frequencies was not statistically significant according to a chi-square test (P . 0.05).
The physicochemical nature of the amino acid change leading to the ancestral IR character state for each of the detected IR shared derived positions was characterized. In 2 instances (positions 137 and 192 of the human IR sequence), the change from the ancestral vertebrate IR character state to the ancestral IR character state implied a replacement of a polar residue by a nonpolar one, whereas in another 2 cases (304 and 735), the change was in the opposite direction. In 3 instances (364, 520, and 1128), a polar residue was substituted by another polar residue, whereas in another 3 cases (628, 640, and 886), a nonpolar residue was replaced by another nonpolar residue. In another 8 cases (284, 287, 456, 531, 841, 995, 1026 , and 1141), it was not possible to determine the physicochemical nature of the change (table 1) .
The inferred shared derived positions of IR do not need to be necessarily conserved in the other paralogous groups of the family. According to the posterior probabilities estimated in the ancestral character state reconstruction analyses, in 10 (192, 284, 287, 364, 456, 520, 531, 628, 1026 , and 1128) out of the 18 positions presenting an unambiguous shared derived amino acid state of IR, the inferred amino acid residue was conserved in the ancestor of IR but was variable in the ancestors of the other 2 subsets (IRR þ IGF1R and IR þ IRR þ IGF1R) of homologous genes (table 1). In the remaining 8 (137, 304, 640, 735, 841, 886, 995, and 1141) positions, the ancestors of the other 2 subsets of homologous genes (IRR þ IGF1R and IR þ IRR þ IGF1R) also showed relatively unambiguous character states (table 1). Only 1 (640) out of these 8 positions showed a distinct conserved amino acid in each of the 3 subsets, whereas in the other sites, IRR þ IGF1R and IR þ IRR þ IGF1R shared the same ancestral character state.
Changes in the evolutionary conservation at a particular residue may reflect functional divergence after gene duplication. Using a statistical approach that compares amino acid changes between IR and IRR þ IGF1R, we found that most sites of the IR molecule were predicted to be unrelated with cluster-specific (type II) functional divergence. Only 2 residues (positions 436 and 1095 of the human IR sequence) received the highest posterior ratio score (2.54) and were identified as radical cluster-specific sites (posterior probability of 0.72). However, neither position 436 (R in IR and Q in IRR þ IGF1R) nor 1095 (K in IR and Q in IRR þ IGF1R) correspond to any of the sites identified as shared derived of IR (table 1) .
Evolution of the Splicing of Exon 11
The human and murine Ir are alternatively spliced in a tissue-specific manner and produce 2 isoforms, IRA and IRB. In order to trace the origin of this splicing mechanism, we analyzed the presence of 2 isoform transcripts in nonmammalian species by reverse transcriptase-polymerase chain reaction (RT-PCR) analysis using the upstream primer directed against the 3# end of exon 10 and the downstream primer against the 5# end of the putative exon 12 ( fig.  4A ). In agreement with previous reports, we found differential distribution of both Ir isoform transcripts in mouse tissues in the 2 ages analyzed. Adipose tissue and muscle expressed both isoform transcripts to different degree, whereas in liver only isoform IRB and in brain only isoform IRA were detected (Fig. 4B) . Interestingly, when the equivalent approach was taken for chicken and Xenopus tissues, only a single isoform was detected ( fig. 4C and D) after 35 cycles of PCR amplification. Sequencing analysis of the amplified PCR bands showed that they corresponded to the isoform IRA. To discard the possibility that the isoform IRB could be expressed at so low levels that could not be detected in a single round of amplification, we performed a nested PCR. As shown in figure 4E and F, only a single amplification product was again obtained strongly, suggesting that only 1 isoform is expressed in the analyzed chicken and Xenopus tissues.
Discussion
In this study, we provide for the first time a robust phylogenetic framework to understand the molecular evolution and functional diversification of IRs in vertebrates. According to the reconstructed phylogeny, the 3 described vertebrates IR, IRR, and IGF1R conform each a monophyletic group and correspond to 3 distinct paralogous groups. A first duplication of the receptor gene led to the Ir paralog and the ancestor of Igf1r and Irr, which were both subsequently generated in a second round of duplication. The presence of 3 or more paralogs in vertebrates but only 1 gene copy in nonvertebrates is a common pattern to other protein families (e.g., hedgehog; Zardoya et al. 1996) and could be the result of independent duplication events in each protein family. However, there is increasing evidence that 2 rounds of whole-genome duplications occurred early in vertebrate evolution and could be responsible for having generated the observed higher paralog number of vertebrate protein families (Meyer and Schartl 1999; Dehal and Boore 2005) , in general, and of the IR family, in particular. Another genome duplication has been proposed in teleost fishes (Meyer and Van de Peer 2005; Brunet et al. 2006) , and, for example, Tetraodon nigroviridis presents indeed 2 gene copies of Ir (CAG08022.1 and CAG07190.1) and of Igf1r (CAG13078.1 and CAG03114.1). Strikingly, Irr was missing in teleost fish. This may reflect that Irr orthologs in teleosts might have highly divergent sequences and thus might have not been detected yet through similarity searches. Alternatively, it may be possible either that Irr was lost at least in the common ancestor of teleosts or that Irr was a novel acquisition of tetrapods. Sequencing the genomes of basal actinopterygian (e.g., bichir and sturgeon) and sarcopterygian (e.g., lungfishes and coelacanth) fishes would help in discerning among these competing hypotheses.
As previously reported for mammals (Ullrich et al. 1986; Shier and Watt 1989; Rosenfeld and Roberts 1999) , primary structure was relatively highly conserved among paralogs of the IR family across vertebrates (22% invariant sites). Conserved sites are distributed throughout the molecule, and conserved stretches are particularly abundant around the tyrosine kinase domain. In fact, some sites of this domain are also conserved in less related members of the tyrosine kinase superfamily (Hubbard and Till 2000; Ward et al. 2007 ) such as the epidermal growth factor receptor and the plate-derived growth factor receptor (data not shown). The overall evolutionary conservation of the primary structure of the vertebrate IR indicates that a relatively high proportion of the molecule is under strong selection pressure because it is likely needed to maintain the general IR and signal transduction functions. In agreement with this observation, only few sites (2%) were identified as being shared derived by IR. These positions are maintained by purifying selection and not need to be fully conserved in all IR orthologs. They characterize IR and may be particularly important for its related but distinct function. Our results show that the relative distribution of IR shared derived sites was even along the receptor (i.e., the rate of generation of shared derived sites along the molecule was uniform). However, because the extracellular portion of the receptor more than doubles the intracellular portion, most IR shared derived sites were located in the extracellular portion, which may suggest that subtle differences in function among paralogs of the family are evolutionarily achieved more through changes in ligand-binding affinity (Schaefer et al. 1990; Brandt et al. 2001) than by modifications of the intracellular signal transduction at the tyrosine kinase domain.
Shared derived residues are best candidates for sitedirected mutagenesis in order to identify which evolutionary changes are responsible for functional divergence of IR (Jimenez-Jimenez et al. 2006) . One of the identified shared derived IR characters (position 364) corresponds to a potential site for N-glicosilation. This posttranslational modification is critical for the correct assembling of tertiary and quaternary IR structures (Olson et al. 1988) . Two other potential N-glicosilation sites (positions 105 and 651) are conserved among all paralogs across vertebrates. However, individual mutation of the 18 N-glicosilation sites of the human IR showed high functional redundancy of those sites (reviewed in Adams et al. [2000] ). Other important residues in maintaining the quaternary structure of the receptor are 6 cysteines involved in the formation of disulphure bonds. These cysteines are highly conserved in all paralogs across vertebrates and in Branchiostoma. However, 4 out of these 6 cysteines are not conserved in Ciona. A similar pattern is found in Drosophila (Fernandez et al. 1995) where the receptor assembles into a quatenary structure but only 2 out of the 6 cysteines described in human IR are conserved.
Amino acid residues that are highly conserved in IR not need to be necessarily conserved in the other paralogs and reflect site-specific shift of evolutionary rate (Gu 2006) . However, in 2 positions (436 and 1095), cluster-specific residues (different between paralogs IR and IRR þ IGF1R, but otherwise highly conserved within each homologous group) were identified with statistical support. These residues evidenced radical shifts of amino acid property (type II functional divergence) (Gu 2006) . According to the phylogeny, IR retains the ancestral character state in these 2 positions, whereas IRR þ IGF1R feature a shared derived character state. Again, these sites should be straightforward targets for site-directed mutagenesis, in this case, to characterize IRR þ IGF1R functional divergence.
Both Ir and Irr have an extra exon (namely exon 11) with respect to Igf1r. The Irr exon 11 can be traced back to amphibians, whereas Ir exon 11 is found exclusively in mammals (fig. 4) . The highly divergent sequence of both exons ( fig. 4 ) and the reconstructed phylogeny of the vertebrate IR family strongly indicate that both exons were acquired independently by each paralog rather than being present in the ancestor of the vertebrate protein family and lost multiple times. Although most functional diversification of the vertebrate IR family is achieved through gene duplication, alternative splicing is also found to be an important mechanism that has generated functional diversification during the evolutionary history of the family. In this study, we show that alternative splicing of Ir exon 11 seems to be restricted exclusively to mammals. The physiological outcome of the evolutionary acquisition of Ir exon 11 is not fully understood to date. The novel IR isoform (IRB) shows a decreased affinity for IGF2 resulting in a more specific receptor for insulin and restricting IGF2 signaling. In this regard, 2 additional evolutionary novelties appeared in mammals to fine-tune IGF2 activity. First, a novel receptor for IGF2, namely IGF2R, was evolved. This receptor is devoid of signal transduction capabilities, and it acts as a clearance receptor that modulates levels of circulating IGF2. Second, imprinting of the Igf2 gene was evolved to prevent expression of the maternal allele. Alterations of the strict control of IGF2 bioavailability as well as IRA expression have been associated to malignant process (reviewed in Denley et al. [2003] ).
A second selective advantage derived from the evolutionary acquisition of Ir exon 11 could be specialization of IRB as a more metabolic receptor. This isoform is predominantly expressed in insulin target tissues Mosthaf et al. 1990 ) that are responsible of glucose homeostasis. Furthermore, patients with myotonic dystrophy type 1 present a 70% decrease in insulin sensitivity in skeletal muscle that is associated with a switch in alternative splicing from IRB to IRA (Savkur et al. 2001) .
The insulin signaling pathway is most complex in vertebrates with both insulin and IGF having acquired important and diversified metabolic functions beyond their original growth-stimulating function in nonvertebrates. Our study shows that an important element to understand the functional diversification of these hormones is the corresponding functional diversification of the vertebrate IRs with respect to their nonvertebrate counterparts. Specificity of the ligands of the three vertebrate IR paralogs seems to have been acquired mostly through gene duplication of the gene products, as well as through a mechanism of alternative splicing in mammals. Functional divergence among vertebrate IR paralogs is centered in few amino acid residues along the molecule and future site-directed mutagenesis essays on these residues will be key in disentangling the complex evolution of new functions within the protein family and, in particular, in deciphering the unknown function of the orphan IRR.
